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Abstract
The Erv flavoenzymes contain a compact module that catalyzes the pairing of cysteine thiols into disulfide bonds. High-resolution structures of
plant, animal, and fungal Erv enzymes that function in different contexts and intracellular compartments have been determined. Structural features
can be correlated with biochemical properties, revealing how core sulfhydryl oxidase activity has been tailored to various functional niches. The
introduction of disulfides into cysteine-containing substrates by Erv sulfhydryl oxidases is compared with the mechanisms used by NADPH-
driven disulfide reductases and thioredoxin-like oxidoreductases to reduce and transfer disulfides, respectively.
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Disulfide bond formation and cleavage are carried out by
sulfhydryl oxidases and disulfide reductases, respectively. The
oxidases and reductases lack sequence and structural similarity,
and they generally function in different subcellular locations.
One role of disulfide reductases is to use the reducing power of
NADPH to maintain cysteines in free thiol form in the cytosol
[1]. In contrast, sulfhydryl oxidases typically function in
intracellular compartments, i.e., the endoplasmic reticulum
(ER) and mitochondrial intermembrane space, to promote
cysteine pairing by transfer of electrons from thiol groups
directly or indirectly to molecular oxygen. Despite the
differences in structure and localization, and their essentially
antithetical functions, certain mechanistic similarities can be
found between the oxidases and reductases. All sulfhydryl
oxidases known to date and most disulfide reductases [2]
contain flavin as an essential cofactor. A di-cysteine motif
abutting the flavin participates in a two-electron transfer either
to the flavin (in the oxidases) or from the flavin (in the
reductases). In addition, examples of dithiol–disulfide relays
used to transfer reducing or oxidizing equivalents to theE-mail address: deborah.fass@weizmann.ac.il.
0167-4889/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamcr.2007.11.009substrate can be found in both the sulfhydryl oxidases and the
disulfide reductases.
Sulfhydryl oxidases containing flavin adenine dinucleotide
(FAD) have been identified in animal [3–5], plant [6], and
fungal [7–9] species, as well as encoded in the genomes of
viruses [10,11]. The eukaryotic sulfhydryl oxidases character-
ized to date are classified into two families: Ero1 and Erv.
Common to both families is a CXXC motif adjacent to the FAD,
as well as a dynamic mechanism for relaying oxidizing
equivalents from the enzyme active center to external
substrates. Ero1, responsible for cysteine oxidation in the ER,
is reviewed elsewhere in this issue [12]. The Erv sulfhydryl
oxidase family is more diverse than Ero1 enzymes in the
biological roles of its members. Representatives that function in
the ER, mitochondria, extracellularly, and associated with
viruses assembling in the cytosol have been shown to have
generic sulfhydryl oxidase activity, but in many cases the
physiological targets of this activity remain to be discovered.
The Erv family name is derived from a yeast member identified
and characterized early on, which was called “Essential for
respiration and viability 1” or “Erv1” [13] because it was found
to be critical for mitochondrial biogenesis, respiratory chain
function, and progression through the cell cycle. A paralogous
protein was named Erv2, though it is not essential for either
respiration or viability under various laboratory growth
Fig. 1. A schematic of the primary structure from amino- to carboxy-terminus of
various Erv family enzymes shows the Erv module in yellow with flexible
polypeptide segments to either side. Di-cysteine motifs and other cysteine
residues are indicated.
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with additional flexible segments of polypeptide amino- or
carboxy-terminal to the core FAD binding domain (Fig. 1).
However, the Erv sulfhydryl oxidase module is also found in a
multidomain context in the QSOX enzymes, which are also
reviewed separately [15].
2. The structure of the Erv sulfhydryl oxidase module
High-resolution structures have been determined by X-ray
crystallography for Saccharomyces cerevisiae Erv2 (localiza-
tion: ER [8,9]; PDB codes: 1jr8, 1jra [16]) (Fig. 2).), Rattus
norvegicus augmenter of liver regeneration (ALR), an Erv1-likeFig. 2. A ribbon diagram of the Erv2 dimer with the two protomers colored
green and blue. The bound FAD molecules are shown in stick representation.
The three disulfides in the domain are labeled according to their presumed
function, and the flow of electrons from the reducing substrate via the redox
active cysteines and the FAD to the electron acceptor oxygen is indicated by
orange arrows.protein (localization: cytosol [17], nucleus [17], mitochondria
[18,19], extracellular [20]; PDB code: 1oqc [21]), Arabidopsis
thaliana Erv1 (AtErv1) (localization: mitochondria [6]; PDB
code: 2hj3 [22]), and African Swine Fever Virus (ASFV)
pB119L (localization: cytosol/viral factory [11]; coordinates
unpublished). These structures reveal how FAD is bound and
utilized by the enzyme and how dimerization promotes
functionally essential intersubunit dithiol/disulfide exchange
reactions. A comparison of these Erv structures with one
another, as well as with structures of the disulfide reductases,
provides information on how these enzymes control the sources
and destinations of electrons in the redox reactions they
catalyze.
2.1. A novel FAD binding fold
The Erv enzyme structures share a five-helix fold unprece-
dented among FAD binding proteins [23]. Four helices form a
bundle that splays at one end to accommodate the isoalloxazine
of the FAD, and a short fifth helix packs perpendicular to the
others (Fig. 3). With less than 100 residues, the fold is strikingly
compact for an FAD binding protein and differs in its design
principles from other flavoenzymes (Fig. 4). Flavoenzymes,
including the disulfide reductases [2], are typically multidomain
proteins. The isoalloxazine ring is often presented on the surface
of the FAD binding domain or projecting out of it, and the
catalytically important amino acid residues that interact with the
isoalloxazine arise from another domain or inter-domain linker.
Although the catalytically active amino acid residues of
glutathione reductase and related disulfide reductases are
considered to be associated with the FAD binding domain [2],
they are located in a helix that is not part of the α/β fold of the
FAD binding domain itself but rather packs against the other
domains in the structure (Fig. 4). In contrast, all the Erv amino
acid residues involved in FAD binding and in catalyzing de
novo oxidation of cysteines to disulfides are located within its
small helical bundle. It should be noted that Erv also differs
from bacterial flavodoxins, although these too are single-
domain proteins, since the flavodoxins have an α/β fold similar
to the FAD binding domains of the disulfide reductases.Fig. 3. A single Erv2 subunit is shown with helices represented as cylinders and
numbered from amino- to carboxy-terminus. The dimer interface would be
formed by helices 1 and 2 at the bottom of the figure.
Fig. 4. The relative positions of the FAD binding domain and the active-site cysteines within single subunits of human glutaredoxin reductase (1grb) and E. coli
thioredoxin reductase (1trb) are shown in comparison to a subunit of Erv2. The bound FAD is orange, and the side chains of the FAD-proximal disulfides are shown as
spheres. Arrows indicate the polarity of the polypeptide chain in particular helices.
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selves but serve as simple electron carriers that function in
conjunction with specific dehydrogenases or reductases [24]. In
short, the Erv enzymes are a unique and remarkable new FAD
binding fold family.
The Erv family of sulfhydryl oxidases is also distinguished
by the conformation of the FAD itself, which is in neither of the
two common forms. FAD is usually found in proteins either
fully extended, with the isoalloxazine and adenine portions far
from one another, or “bent butterfly,” with those two portions in
contact [23]. Instead, the Erv FAD is non-covalently bound in a
conformation intermediate between the extremes, with theFig. 5. A schematic representation of the FAD cofactor is labeled with the
nomenclature used in the text. The distance between the adenine and
isoalloxazine rings in Erv enzymes (PDB codes: 1jr8, 1jra, 1oqc, 2hj3) is
indicated.isoalloxazine and adenine rings roughly parallel and slightly
offset such that they are 10.1Å apart at the point of closest
approach, which is between the C8 methyl group of the
isoalloxazine and the adenine N7 nitrogen (Fig. 5). This FAD
configuration is supported by insertion of the isoalloxazine and
adenine portions into the hydrophobic core of the protein among
a series of aromatic groups that together form a ladder-like,
stacked ring structure reminiscent of base stacking in
polynucleotides [16,21].
In the characteristic sequence signature of the Erv family,
G-X3-W-X3-H-X5-F/Y-X23-P-C-X2-C-XN-H-N-X2-N (X repre-
sents a variable amino acid and XN represents a variable
number of amino acids), most of the invariant residues contact
or accommodate the bound FAD (Fig. 6). For example, the
glycine in the first helix allows room for the bulky isoalloxa-
zine ring system in the protein core, while the tryptophan
positioned one helical turn downstream packs against the
isoalloxazine. The two invariant histidines, distant from one
another in sequence but close in space, interact with the
adenine portion of the FAD, as do the two asparagines and the
aromatic group down-helix of the first histidine. Other amino
acid residues, though not absolutely invariant in sequence
alignments, impact the binding and utilization of the FAD. For
example, an arginine or lysine residue is found one helical turn
upstream of the invariant glycine in helix 1 of Erv2, plant
Erv1, and animal ALR enzymes. A basic residue in this
position is common in flavoenzymes in general and is
important for stabilizing the reduced, anionic form of the
flavin [25]. Indeed, reductive titrations of Erv2 [26] and ALR
[27] showed that the FAD in these enzymes has a relatively
high redox potential. Interestingly, fungal Erv1 enzymes lack
this positively charged residue, and the FAD bound to these
enzymes may consequently have a lower redox potential,
though this remains to be determined. Additional basic
residues are found interacting with the solvent-exposed,
flavin-associated phosphate group of the FAD (Fig. 6). The
residues that contact the pyrophosphate of the bound FAD are
typically the most highly conserved in flavoenzyme families,
whereas the residues interacting with the isoalloxazine and
Fig. 6. A stereo diagram of an Erv2 subunit shows how the FAD inserts between a series of aromatic residues and indicates other amino acids important in FAD
binding. The Cα atom of the invariant glycine is indicated by a green sphere. The isoalloxazine (Iso) and adenine (Ad) portions of the FAD are labeled, as are the two
histidines (di-H), two asparagines (di-N) tryptophan (W), and active-site disulfide (CXXC) of the Erv family consensus sequence.
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opposite is the case for the Erv sulfhydryl oxidase family,
most likely due to the unique mode of binding of the FAD
within the domain.
In addition to the amino acid residues that interact
structurally with the FAD are residues that contribute
functionally. Adjacent to the isoalloxazine ring of the FAD
are two cysteine residues in a CXXC motif that are disulfide
bonded to one another in all available Erv enzyme crystal
structures. This disulfide is dispensable for protein folding and
cofactor binding, as indicated by the observation that a double
cysteine-to-alanine mutant of AtErv1 at these positions is
yellow and therefore binds FAD (unpublished observations).
Single cysteine-to-serine mutants of Erv1 also bind cofactor
[28]. However, without the FAD-proximal CXXC cysteine
residues, Erv enzymes display no catalytic activity [16,28],
since these residues are at the core of the mechanism for
generating disulfides.
2.2. Active-site disulfide
The CXXC motif at the amino-terminus of helix 3 in Erv
sulfhydryl oxidases is in direct redox communication with theFig. 7. Comparison of the active-site CXXC motif of Erv2 with the FAD-
proximal disulfides of human glutathione reductase (PDI code 1grb) and E. coli
thioredoxin reductase (PDB code 1tde). The polypeptide backbone is sketched
as a narrow tube in the vicinity of the active-site disulfides, whereas the
disulfides themselves are shown in ball-and-stick representation. The
glutathione reductase backbone is red, Erv2 is blue, and E. coli thioredoxin
reductase is green. The FAD molecules of glutathione reductase (extended) and
Erv2 (bent) are shown. The FAD conformation of thioredoxin reductase is very
similar to that of glutathione reductase and was omitted for clarity.flavin. A disulfide juxtaposed with an FAD isoalloxazine is a
feature shared with the disulfide reductases, though the
geometry of the disulfide with respect to the isoalloxazine
differs (Fig. 7). In Erv enzymes, the sulfur atom of the second
cysteine (CysC) in the active-site CXXC motif is 3.5Å from the
C4A atom of the FAD, and the sulfur–sulfur bond is nearly
perpendicular to the plane of the isoalloxazine. The active-site
disulfide of glutathione reductase is also perpendicular to the
isoalloxazine, but on the opposite face of the ring system (si face
for glutathione reductase, re face for Erv enzymes). Further-
more, the FAD-proximal disulfide of glutathione reductase is a
CX4C rather than a CXXC motif. The active-site disulfide of E.
coli thioredoxin reductase is a CXXC motif that lies on the re
face of the isoalloxazine as in Erv enzymes, but the disulfide is
almost parallel, rather than perpendicular, to the isoalloxazine
plane. Remarkably, these three enzymes appear to represent
evolutionarily distinct solutions to the issue of electron transfer
between cysteine pairs and flavin [29].
The CXXC di-cysteine motif is a ubiquitous redox-active
center found not only in Erv sulfhydryl oxidases and E. coli
thioredoxin reductase but also in the numerous oxidoreductases
of the thioredoxin fold family. Some members of this family,
such as thioredoxin itself, function in the disulfide reductionFig. 8. A superposition of the CXXC motifs of Erv2, E. coli thioredoxin (PDB
code 2trx), and the first domain of yeast PDI (PDB code 2b5e) is shown in
stereo. This motif is at the amino-terminus of a helix in each case, and the axis of
the helices is indicated by the central pole.
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Isomerase (PDI), promote disulfide bond formation and
rearrangement in the ER. The local geometry of the Erv
CXXC motif matches that found in thioredoxin-like proteins
[30], though the global context differs. As in thioredoxin and
PDI, the Erv CXXC is present in the first turn of a helix (Fig. 8),
but this helix is part of the five-helix-bundle in Erv enzymes in
contrast to the α/β thioredoxin fold. Furthermore, the
thioredoxin CXXC motif is not associated with flavin or any
other cofactor. A plausible model, supported by the Erv enzyme
crystal structures, for generation of disulfides by enzymes
containing the Erv module [31] shares much in common with
the dithiol/disulfide exchange reactions of thioredoxin-like
oxidoreductases. An exogenous attacking thiol group forms a
mixed disulfide with the first cysteine (CysN) in the oxidized
active-site CXXCmotif, which frees CysC to serve as a transient
charge-transfer donor to the flavin in Erv enzymes or to be
protonated by a buried acidic group in thioredoxin-like proteins
[32]. The mixed disulfide can be resolved productively by a
second attacking thiol to generate a new disulfide elsewhere and
leave the active-site CXXC reduced. Restoration of the active-
site disulfide by transfer of electrons from the reduced CXXC
cysteines to the adjacent FAD in the sulfhydryl oxidases results
in formation of one net disulfide. Lacking a cofactor, the CXXC
motifs of thioredoxin-like proteins are restored to their initial
states upon a second dithiol–disulfide exchange reaction with
another enzyme. For example, DsbA, a thioredoxin fold family
member of the bacterial periplasm, remains in its reduced
state after a round of dithiol–disulfide exchange with substrate
until it is re-oxidized by the intramembrane sulfhydryl oxidase
DsbB [33].
The identity of the two amino acid residues between the
cysteines in the CXXC motif of thioredoxin-like proteins
impacts the kinetic and thermodynamic properties of the redox
center [34–38], but the importance of these positions has yet to
be investigated in Erv enzymes. These two residues are solvent
exposed in Erv [16] and therefore not constrained by packing
interactions with the rest of the protein. The various Erv
enzymes have different residue types between the active-site
cysteines, as well as different extents of conservation of these
two residues. In Erv2, an ER protein of unknown function
found only in yeast, the active-site motif is predominantly
CGEC, sometimes CGDC, and rarely CGQC. Fungal Erv1
proteins nearly always have a tryptophan between the active-
site cysteines, but the tryptophan can be either at the first or
second inter-cysteine position. Mammalian ALR appears to
resemble fungal Erv1 in that it has been localized to
mitochondria, but ALR has the sequence CEEC and therefore
lacks the Erv1 tryptophan. The two known examples of plant
mitochondrial Erv1 have the sequences CREC (A. thaliana) and
CKEC (Oryza sativa). The CXXC of Erv enzymes found in
viruses does not appear to have a strong consensus, consistent
with the generally poor homology among the viral sequences.
Overall, the sequences of the active-site CXXC motifs of Erv
sulfhydryl oxidases do not overlap those characteristic of
thioredoxin-like proteins (CGPC for thioredoxin, CGHC for
PDI, CPHC for DsbA, and CPYC for glutaredoxin) or of E. colithioredoxin reductase (CATC). Comparable to thioredoxin-like
oxidoreductases, the inter-cysteine residues in the CXXC motif
of Erv enzymes are likely to be selected for their effects on the
rates of dithiol/disulfide exchange and dithiol/flavin electron
transfer events.
2.3. Dimerization of Erv enzymes
All single-domain Erv proteins studied to date are dimeric
in solution under physiological conditions. Conserved hydro-
phobic residues covering the outer face of the hairpin formed
by helices 1 and 2 contribute to the dimer interface, which
buries nearly a quarter of the protomer surface area [21]. The
helical hairpin packs at an angle of ∼55° with respect to its
symmetry mate in the dimer. Whereas all Erv proteins self-
associate non-covalently in this manner, disulfide bonds were
also observed to covalently link the two subunits in the ALR
dimer structure [21]. These disulfides are between a cysteine
near the amino-terminus of each subunit and a cysteine near
the carboxy-terminus of the symmetry-related protein. Intrigu-
ingly, populations of disulfide bonded dimers are also
observed by gel for other Erv proteins (i.e., Erv2 and
AtErv1), despite the absence of intersubunit disulfides in
their X-ray crystal structures [6,16]. Formation of these bonds
is facilitated by the proximity of cysteines in the carboxy-
terminal tail to the active-site cysteines of the opposite subunit,
which appears to have functional significance as discussed
below.
Surprisingly, despite the small size of the Erv protomer and
the extensive dimer interface [21], dimerization appears not to
be absolutely necessary for the structural integrity of Erv
enzymes. Monomeric mutants were purified, characterized, and
found to be functional sulfhydryl oxidases [39]. The observa-
tion that dimerization is not required for either folding or core
catalytic activity is consistent with a report that the rat seminal
vesicle QSOX sulfhydryl oxidase, which contains an Erv
domain, is monomeric [40]. Inspection of mammalian QSOX
sequences and comparison with single-domain Erv enzymes
shows, however, that the hydrophobic nature of the residues
participating in the dimer interface of the single-domain
proteins is conserved in QSOX. This observation suggests
that, if indeed some QSOX enzymes are naturally monomeric,
the Erv domain may pack against other domains in these
multidomain enzymes.
3. Shuttle disulfide and electron donors
In addition to the CXXC cysteine pair adjacent to the FAD, a
second cysteine pair is found in either the amino- or carboxy-
terminal region flanking the Erv domain (Fig. 1), except in
certain viral Erv enzymes. This second cysteine pair is known as
the “distal” (with reference to its position relative to the active-
site cysteines and the flavin cofactor) or “shuttle” (for its role in
mediating electron transfer from external substrates to the active
site) cysteine motif. The presence of the shuttle disulfide on a
flexible segment of polypeptide outside the core 5-helix bundle
is consistent with a mechanism in which the solvent-exposed
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a reduced protein substrate and then diffuses into the vicinity of
the active-site to undergo dithiol/disulfide exchange with the
rigid and partially buried active-site CXXC disulfide. Although
the extent to and the mechanism by which thiol species are
selected as substrates for the Erv sulfhydryl oxidases is not fully
understood, there is some indication that the nature and position
of the disulfide shuttle controls entry of electrons into the
system [39]. The shuttle disulfide is required for enzyme
activity in vivo and on protein substrates in vitro as demon-
strated for a number of Erv enzymes [16,22,28]. Erv2, which
unlike AtErv1 does not oxidize reduced thioredoxin in vitro,
can be made to do so by replacing its carboxy-terminal, shuttle
disulfide region with that of AtErv1 [22]. Experiments of this
type further indicate that a shuttle cysteine region does not
interact uniquely with its cognate active-site CXXC motif,
since chimeric proteins are functional in assays that require
dithiol/disulfide exchange between the shuttle and active-site
cysteines [22].
Erv enzymes can be characterized by the position and
intervening amino acid sequences of their shuttle cysteine
motifs. In fungal Erv2 orthologs the shuttle cysteine motif is
carboxy-terminal to the core sulfhydryl oxidase domain and
without exception has the sequence CGC. In fungal Erv1
orthologs the shuttle is amino-terminal to the Erv domain and
has the sequence CXXC, in which the first X is arginine or
sometimes lysine. ALR has been detected in two forms: a
long form (∼23 kDa), which resembles yeast Erv1 in that it
contains the sequence CRAC upstream of the core sulfhydryl
oxidase domain, and a short form (∼15 kDa), which lacks
this N-terminal region including the di-cysteine motif [17]. In
both forms of ALR, an intersubunit disulfide bonded pair is
formed between a single cysteine amino-terminal and one
carboxy-terminal to the sulfhydryl oxidase domain of the
opposite subunit, but this cysteine pair does not appear to
function as a shuttle. This disulfide is nearly 20Å from the
active-site disulfide in the ALR crystal structure [21], and
there is no indication that it is in redox communication with
the active site [26]. Nevertheless, the physiological substrates
of ALR remain to be determined, and conformational changes
that would give this disulfide a role in catalysis cannot yet be
ruled out. In general, the identity of the intervening residues
in the shuttle di-cysteine motif is likely to impact the redox
potential of the shuttle and affect the rate of dithiol/disulfide
exchange with substrate proteins and with the active-site
cysteines.
A valuable perspective on the roles of the shuttle disulfide
and the quaternary structure of Erv enzymes can be obtained
from an extension of the yeast genetic study from which Erv2
was obtained [39]. Ero1, the primary ER sulfhydryl oxidase
[12], is an essential enzyme in yeast, as it heads the ER thiol
oxidation cascade by oxidizing PDI, which in turn oxidizes
substrate secretory proteins [41,42]. Erv2 was identified as a
protein that, when over-expressed, rescues defects in Ero1 [9]
by a mechanism that typically requires the shuttle cysteines
[16]. In a screen for second-site suppressor mutants that
compensate for mutation of the Erv2 shuttle cysteines, dimerinterface mutants were recovered [39]. These mutants were
shown to be monomeric in vitro and to oxidize PDI faster than
wild-type Erv2 does. These results demonstrate two points. One
is that the dimeric nature of Erv enzymes limits access of certain
substrates to the active-site CXXC and thus impacts substrate
selectivity by forcing the shuttle disulfide to control electron
entry into the enzyme. The second is that the shuttle disulfide of
Erv2 is not optimized for electron transfer from reduced PDI,
since oxidation of PDI can be improved by by-passing the Erv2
shuttle disulfide altogether.
The use of a shuttle disulfide to mediate transfer of electrons
from substrate proteins to the active sites of Erv enzymes has
parallels in the disulfide reductases, though the physiological
electron flow is in the opposite direction. For example, insect
and mammalian thioredoxin reductases do not deliver electrons
directly from the FAD-proximal di-cysteine motif to thiore-
doxin, but rather via a carboxy-terminal di-cysteine or cysteine/
selenocysteine pair. These thioredoxin reductases are arranged
as dimers such that their shuttle redox-active motif interacts
with the active site of the opposite subunit, analogous to the Erv
enzymes. The thioredoxin reductase shuttle has been proposed
to flip in and out of the active site of the symmetry-related
protomer [43] in a manner comparable to that proposed for Erv2
[16]. In the NADH:peroxiredoxin oxidoreductases, a shuttle
disulfide is present in the context of an accessory thioredoxin-
like domain, as opposed to within an unstructured region of the
protein [44]. In this enzyme, however, electron transfer occurs
between domains of the same protomer rather than across the
dimer interface [45]. Such a scheme may be relevant to
monomeric QSOX enzymes. Another noteworthy parallel is
that QSOX shuttles electrons from substrate using a thioredoxin
fold domain [46].
4. Oxygen channel and electron acceptors
Electrons derived from substrate dithiol motifs are trans-
ferred via the flavin cofactor of the sulfhydryl oxidases to a
suitable electron acceptor. Flavoenzymes in general, and Erv
family members in particular, vary in the rate at which they use
oxygen directly as an electron acceptor [47]. Erv2 [26] and
avian QSOX [31] readily reduce oxygen to hydrogen peroxide,
whereas ALR [27] and Erv1 [48] prefer other electron
acceptors, i.e., cytochrome c, over oxygen. Although Ero1, a
sulfhydryl oxidase that functions in the ER and has a low
apparent Michaelis constant for oxygen, also efficiently
reduces cytochrome c under anaerobic conditions [49], the
physiological relevance of this pathway is more readily
apparent for the mitochondrial Erv enzymes [48], which are
reviewed elsewhere [50–52]. The ability of cytochrome c to
function as an electron acceptor of Erv1 and ALR indicates that
electrons from thiol oxidation in mitochondria can be shunted
to the electron transport chain and used by cytochrome c
oxidase to reduce oxygen to water, rather than to hydrogen
peroxide, which is the product of direct oxygen reduction by
sulfhydryl oxidases.
Interestingly, Erv enzymes (i.e., Erv2, AtErv1) that use
oxygen as a preferred electron acceptor have a short but well
Fig. 9. Amino acid sequence alignments of the region following the active-site
cysteines of Erv enzymes allow prediction of the presence or absence of an
oxygen channel and efficiency of utilization of oxygen as an electron acceptor.
The top group of enzymes containing an Erv domain uses oxygen efficiently.
The structures of the first two enzymes are known and both show a putative
oxygen channel. The bottom group of enzymes uses oxygen poorly, and transfer
of electrons to cytochrome c is preferred. The structure of R. norvegicus ALR is
known and does not show a clear oxygen channel. ScErv2-S. cerevisiae Erv2,
AtErv1-A. thaliana Erv1, GgQSOX-Gallus gallus QSOX, HsQSOX-Homo
sapiens QSOX, VvE10R-Vaccinia virus E10R, pB119L-African Swine Fever
Virus pB119L, ScErv1-S. cerevisiae Erv1, HsALR-H. sapiens ALR, RnALR-R.
norvegicus ALR.
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to the N5 nitrogen of the FAD isoalloxazine ring system [22].
Enzymes that use oxygen poorly (i.e., ALR [27]) lack such a
channel in their molecular surfaces [22]. Structural and
biochemical studies, coupled with the relatively robust
sequence alignments possible between even divergent members
of the Erv family when anchored by FAD binding residues and
cysteines, enable prediction of oxygen utilization from amino
acid sequence alone. A histidine is located three residues
downstream of the active-site CXXC motif in AtErv1, in nearly
all Erv2 sequences, and in the Erv domain of the QSOX
enzymes. Four residues following the histidine is a hydrophobic
amino acid (Fig. 9). These residues line the putative oxygen
channel in Erv2 and AtErv1. In enzymes reported to use oxygen
poorly as a direct electron acceptor, three residues downstream
of the CXXC is typically an aspartate, and four residues further
is quite variable. According to this pattern, viral Erv sulfhydryl
oxidases are predicted to use oxygen efficiently as an electron
acceptor, since the amino acid sequences of these enzymes
often, but not invariably, have a histidine/hydrophobic pair at
the relevant positions.
5. Viral Erv enzymes
Sequences of Erv-like enzymes have been found in the
genomes of many large double-stranded DNA viruses that
assemble in the cytoplasm of infected cells. Of these, the
vaccinia virus enzyme E10R [10] and the ASFV protein
pB119L [11], otherwise known as 9GL, have been character-
ized. These enzymes merit a separate discussion for a number
of reasons. They are the only members of the Erv sulfhydryl
oxidase family that apparently function exclusively in the
reducing environment of the cytosol. In addition, theyfunction in partnership with auxiliary proteins that may fulfill
the role of the shuttle disulfide, which is missing in the viral
Erv enzymes characterized to date. Finally, some of the
physiological targets of these enzymes have been studied
structurally.
The viral Erv enzyme sequences are much more divergent
than any other set of orthologs in the family. Their lengths vary
greatly: vaccinia virus E10R has fewer than 100 amino acids,
whereas the mimivirus enzyme has nearly 300. Mimivirus Erv
appears to have an additional domain or domains carboxy-
terminal to the sulfhydryl oxidase module. Some viral Erv
enzymes have only the CXXC active-site cysteines, whereas
others have as many as six additional cysteines, the roles of
which are not known. It will be interesting to determine which
differences among the viral Erv sequence are the result of
genetic drift and which represent distinct adaptations to the
particular substrates, microenvironments of assembly, or other
aspects of the biochemistry of each particular virus.
The Erv enzymes of both vaccinia virus and ASFV have
been shown to associate with a second virally encoded protein.
Vaccinia E10R is found in complex with a protein known as
A2.5L [53,54], and ASFV pB119L with a protein called
pA151R [11]. The A2.5L and pA151R proteins do not share
sequence similarity with one another, but both contain di-
cysteine motifs. pA151R is about twice the length of A2.5L
and has a CXXC motif near the carboxy-terminus, whereas
A2.5L has a CX3C motif (or a CXXC motif in related
poxviruses) near the amino-terminus. Amino acid sequence
analyses do not suggest structural similarity with any known
fold. The E10R/A2.5L complex functions upstream of a virally
encoded glutaredoxin-like protein called G4L, which in turn
oxidizes various viral structural proteins [53]. A glutaredoxin-
like protein is not found in ASFV, so the pB119L/pA151R
complex may act directly on virion structural proteins during
ASFV assembly [11]. The structure of vaccinia glutaredoxin
G4L has been determined [55], as has the structure of its
substrate L1R, a myristoylated transmembrane protein of
vaccinia virus with a cytosolic ectodomain containing three
disulfide bonds [56]. The presence of multiple disulfide cross-
links in a cytosolic protein is atypical, but the relative
inaccessibility to solvent of these disulfides may explain how
they can persist once introduced by the vaccinia sulfhydryl
oxidase pathway [56].
In contrast to eukaryotic Erv enzymes, which are readily
produced in soluble form from recombinant expression vectors
in E. coli, virus Erv enzymes partition into insoluble fractions
during over-expression (unpublished observations). These
proteins have a tendency to aggregate under conditions in
which other Erv enzymes remain soluble. In vivo, Vaccinia
E10R has been shown to be associated with intracellular mature
virions in a detergent-extractable fashion, consistent with
membrane association [57]. ASFV is enveloped by the ER
during assembly [58], and although pB119L is not incorporated
into mature viruses, it localizes to virus factories and oxidizes
membrane-bound substrates [11]. Therefore, pB119L may
transiently associate with membranes to execute its activity.
Whether viral sulfhydryl oxidases and their targets are secluded
564 D. Fass / Biochimica et Biophysica Acta 1783 (2008) 557–566in these virus factories from the cytosolic disulfide reducing
pathway remains to be determined.
6. Variations on a theme: comparison of Erv2 with
mercuric ion reductase
The presence of disulfide shuttles in thioredoxin reductases
and NADH:peroxiredoxin oxidoreductases has already been
mentioned. A carboxy-terminal shuttle-like di-cysteine motif is
also present in the enzyme mercuric ion reductase, another
member of the flavoenzyme disulfide reductase family [2],
which performs a variation on the theme of disulfide reduction.
Mercuric ion reductase contains an FAD-proximal CXXC motif
and an additional, carboxy-terminal CC motif that is closely
associated with the active site [59,60]. The role of this enzyme
is to reduce and detoxify Hg(II), which is invariably found
associated in vivo with thiol groups, such as in complex with
glutathione. Relatively large organomercurial substrates of the
form Hg(SR)2 cannot penetrate directly into the active site to
interact with the cysteines adjacent to the FAD. Instead they
interact with the second, geminal cysteine pair on the tail of the
enzyme. These cysteines displace the SR groups, leaving a
mercury bridge between the two carboxy-terminal cysteines.
The cysteines adjacent to the FAD can then displace the tail
cysteines to transfer the mercury into the active site, where it is
reduced by electrons donated from NADPH to the flavin. In
contrast, small mercurials such as HgBr2 are reduced by directly
accessing the active-site CXXC motif and do not require the
carboxy-terminal cysteine pair [61]. A parallel can be drawn to
the Erv enzymes, which directly oxidize small molecule dithiol
reagents at the active site but require the shuttle cysteines in
biologically relevant oxidation reactions.
It may be particularly revealing to compare mercuric ion
reductase with Erv2, a sulfhydryl oxidase with as yet unknown
function. Studies of the rates of disulfide formation and
reduction of peptides containing two cysteines separated by
one to five amino acids revealed that the CGC disulfide, the
exact motif that constitutes the Erv2 shuttle, had the lowest
equilibrium constant for formation of all disulfides examined
[62]. The Erv2 CGC shuttle disulfide is therefore one of the
hardest disulfides to form; once formed, it is expected to be a
good oxidant. The observation that Erv2 is an inefficient
oxidase of reduced PDI [9,39], and even of the powerful
electron donor reduced thioredoxin [22], suggests that the Erv2
shuttle evolved to minimize activity, perhaps by steric
incompatibility, on protein substrates of this nature. The
question remains, then, for what did the Erv2 shuttle evolve?
Some shuttle disulfides, such as that of AtEv1, are present
within the flexible terminal tails of the enzyme and are thus
likely to be fully accessible [22]. The shuttle disulfide of Erv2 is
closer to the folded 5-helix core of the enzyme and sits at the
junction between the well-folded enzyme domain and the
remainder of the flexible tail [16]. At this position, it may be less
accessible than the shuttle disulfide of AtErv1. The strict
conservation of the position and sequence of the Erv2 CGC
shuttle disulfide, the disfavoring of thioredoxin-like proteins as
substrates, and the presence of this enzyme only in fungisuggests a more specialized native role than general oxidation
for the benefit of secretory proteins. One may speculate that the
biologically relevant oxidation reaction of Erv2 may be a metal
oxidation. Along these lines, Erv2 is inhibited by Zn2+, which
forms a complex with the reduced CGC shuttle cysteines [26]. It
is not clear, however, why there would be a particular need for a
detoxification reaction restricted to the ER. Further studies are
necessary to determine the reaction that Erv2 has indeed
evolved to catalyze in vivo.
7. Concluding remarks
Disulfide bond formation does not appear to be spontaneous
in any biological context. Sulfhydryl oxidases have been
identified at every known site of cysteine oxidation, both in
prokaryotes and eukaryotes. The Erv family of eukaryotic
sulfhydryl oxidases has members that function in diverse
processes including oxidation of secretory proteins, stocking the
mitochondrial intermembrane space with its complement of
proteins, and assembly of viruses. Structure/function analyses
are revealing how these diminutive flavoenzymes impact the
dithiol/disulfide redox balance in various physiological settings.
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